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ABSTRACT
The synthesis of materials via molecular self-assembly is a powerful bottom-up
approach for fabricating matter in the nano- and micro-meter scales. This methodology
involves the spontaneous and reversible organization of small molecules that interact with one
another to create larger structures driven by non-covalent interactions such as hydrogen
bonding, hydrophobic forces and metal-ligand coordination interactions. In this thesis, the
design, synthesis and characterization of a new set of molecules that spontaneously selforganize in water to form three-dimensional nanoscale toroidal structures was investigated.
These supramolecular structures were designed with an intrinsic affinity to bind and condense
DNA strands with the intent to deliver exogenous oligonucleotides into mammalian cells.
The new molecules presented are based on soluble coordination polymers of Cu(II)
derived

from

1,4,7,10-tetraazacyclododecane,

1,4,7-triazacyclononane,

and

4,4’-

trimethylenedipyridyl connecting units. They formed Cu-polymers [1,3-Di(4-pyridyl)propane)
bis(1,4,7-triazacyclononane) copper(II) triflate] (7), and [(Tetraethyleglycol-di-isonicotinic
acid)decanoic acid(1,4,7,10- tetraazacyclododecane) copper(II)] (8).
The head group of 7 was characterized with X-ray crystallography.
The new class of metallo-liposomes was used as a DNA delivery system and
demonstrated to be effective for the transfection of pEGFP-N1 plasmid into HEK 293-T cells.
Using optical fluorescent microscopy and X-ray crystallography data, we demonstrate that
metal-ion coordination and lipid alkane interdigitation mediate the self-assembly of these
molecules, and that intracellular conditions reverse this type of supramolecular organization.
vi
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CHAPTER 1. INTRODUCTION
Supramolecular chemistry is the study of structures beyond the molecule, or
hierarchical molecular organization formed between two or more molecules. Designing of
nanoscale materials with small molecules has recently become a rapidly growing area of
research as it pursues to establish principles that will ultimately lead to the development of
new functional materials.1 Supramolecular materials are structures beyond the molecule and
are often formed from self-assembly of small designed molecules. Supramolecular structures
have been made via several types of intermolecular interactions, such as hydrogen
bonding,5b,c metal−ligand coordination,2 π−π stacking3, have been reported.

Supramolecular coordination polymers settled into an important area of investigation
on the previous years4,5,6. The employment of coordination-directed self-assembly is currently
a well-known tactic for the synthesis of discrete molecular species. Recent progress in this area
has generated supramolecular structures with (a) one-dimensional (1-D) molecular networks7,
(b) 2-D networks,8 and (c) 3-D networks9. The following figures show schematics of these
molecular networks in the solid state.

1

Some 1D coordination polymer motifs

2

Some 2D coordination polymer motifs

Some 3D coordination polymer motifs

One-dimensional motifs.
Linear chains
The mind will implicitly associate one-dimensional motifs with linear chains, like a
regular bicolor necklace. This simplest one-dimensional motif exists obviously.
An example is {[Co(H2O)4(pyrazine)](NO3)2·2H2O}n .They show a one-dimensional linear chain
structure alternating pyrazine molecules and Co(H2O)4 units. Cobalt atoms are hexacoordinated, the oxygen atoms of the four coordinated water molecules occupying the
3

equatorial positions and the nitrogen atoms of two different ligand molecules the axial
positions. This arrangement is due to the coordination site occupation of the hexa-coordinating
metal ions (trans-arrangement of two different ligand molecules in axial positions, and the
equatorial positions occupied with counter anions or solvent molecules) and to the fact that the
ligand is linear and symmetric.
Zig–zag chains
The formation of zig–zag chains can also be induced by the shape of the ligand
molecules. A first simple example will rationalize this fact: in comparison of the coordination
polymers obtained from Cu(HCO2)2·yH2O and pyrazine (pyz) or pyrimidine (pym)
Double chains
An example of this is the ligand 2,3-pyridine dicarboxylic acid (2,3-pydcH2) is a bidentate
asymmetric molecule. The repeating units of this coordination polymer are metallacycles: two
ligand molecules bridge two closest copper atoms in the chain. Each CuII atom has a distorted
octahedral coordination sphere; the apical positions are occupied by the oxygen atoms of the
non-deprotonated 3-carboxyl groups; the equatorial ones with two nitrogen atoms and two
oxygen atoms of the deprotonated 2-carboxyl groups. This motif is called a double chain motif.
Ladder-like
Ladder-like one-dimensional motifs can also be formed. An example is the compound
{[Cu(2,3-dimethylpyrazine)Br2]}n. This compound co-crystallizes as main product of the slow
diffusion between methanolic solutions of the ligand and CuBr2. In this case two “rails” formed
4

by bridging 2,3-dimethylpyrazine between the CuII ions are linked together by bridging bromide
ions. The additional bromide anions are terminal ones.
This is an unusual one-dimensional motif. {[HgBr2(2,5-bis(3-pyridyl)-1,3,4-oxadiazole)]}n
is an example of the helical chain. The HgII has a distorted tetrahedral environment consisting of
two nitrogen atoms of two ligand molecules and of two terminal bromide atoms. The HgBr2 and
the ligand units alternate in order to form a one-dimensional chain. The bent shape of the
ligand molecules and its coordination at the HgII centers give a helical twist to the chain.

Two-dimensional motifs
Square grid
Square grid networks are the simplest example of the two-dimensional motifs. In these
coordination polymers the proportion metal to ligand usually is 1:2. The metal centers are
coordinated with four different ligand molecules and the repetition of this unit allows the
propagation of the structure in two dimensions. The ligand 1,4-bis(imidazol-1-ylmethyl)benzene
(bix) is an example of this motif that when it reacts with Mn II ions, they form motifs that are
perfect square grid layers. The metal ions have an octahedral environment: the equatorial
positions are occupied by the nitrogen atoms of four ligand molecules and the apical ones by
the counter anions (azide or dicyanamide anions).

5

T-shape nodes
If the metal ions are only coordinated with three ligand molecules giving a “T-shape”
around the node, layers are formed and the motifs are called honeycomb grid, brick wall,
herringbone

motifs

or

other

parquet

floor

architectures.

{[Cu(bpy)2.5(H2O)](ClO4)2·(H2O)·(CH3OH)1.5}n presents this structural motif (bpy = 4,4′-bipyridine).
Each CuII center has a distorted square-planar geometry surrounded by four nitrogen atoms in
the equatorial positions: three of the bidentate bridging bipyridine molecules and one of the
monodentate terminal ligand connector, the apical coordination sites being occupied with
weakly coordinated water molecules. The proportion metal-to-ligand is now 1:2.5.

Three-dimensional motifs
Diamondoid net
One of the well-known and frequently found three-dimensional motifs is the
diamondoid network. Each node is connected to four bridging ligands in a tetrahedral way,
leading to a three-dimensional diamond-like network. This motif can be found in the structure
obtained from CdII ions as nodes and the dicarboxylate 3,3′-azodibenzoate (3,3′-azdb) as
connectors.
Octahedral net
Octahedral motifs are based on the extension of the framework in the three directions
from the octahedral nodes. It is sterically very difficult to coordinate six ligand molecules
6

around one metal center and generally the apical positions of the octahedral metal ions are
occupied by water molecules, other solvent molecules or counter anions, and the resulting
network is of low dimensionality. Indeed the apical positions are less often coordinated bond
sites (Jahn–Teller distortion).

The compound {[Cu(SiF6)(4,4′-bpy)2]·8H2O}n shows this

organization. he CuII center is coordinated to four ligand molecules in the equatorial positions
leading to a square grid layer. The layers are stacked together thanks to the bridging bidentate
SiF62− anions, F atoms occupying the apical sites of the CuII ions.

Characteristic organic linker molecules in coordination polymers.

7

In addition to this, when metal-organic assemblies often own magnetic, photophysical,
and redox characteristics which are inaccessible from simply organic structures, they might
have an important influence in areas such as molecular sensing, molecular electronics and new
hydrogen fuel technologies.

A Luminescent Nano-Scale Metal-Organic
Framework for Sensing Small Molecules

Hui Xu1, Zhongshang Dou1, Yuanjin Cui1, Banglin Chen2 and Guodong
Qian1* INEC 2010 2010 3rd International Nanoelectronics Conference.

They were able to synthesize a
nano-scale
metal-organic
framework Eu(BDC) for sensing
small
molecules
such
as
acetonitrinile and acetone.

Toward Control of the Metal-Organic
Interfacial Electronic Structure in Molecular
Electronics
Georg Heimel,*,† Lorenz Romaner,†,‡ Egbert Zojer,†,‡ and Jean-Luc
Bre´das†. Nano Letters (2007) Volume: 7, Issue: 4, Publisher: American
Chemical Society, Pages: 932-40

They seek to provide general
insight into the interface
energetics of SAM covered
metals:
they
investigate
separately the impact of each
component of a metal-SAM
system.

Hydrogen Storage in a MetalOrganic Framework
Kaye, Dailly, Yaghi, Long J. Am. Chem. Soc.
2007, 129, 14176!

Develop strategies for
achieving MOFs that
have increased uptake
at higher temperature

These systems create aggregates in which the elastic character of the parts of the
system is manifested in the supramolecule, therefore presenting nanostructures more relaxed
in the solid state and show energetic assets. The assembly of coordination directed metal ions
and organic linking ligands are capable of create coordination polymers (CPs) with interesting
characteristics and likely functions in gas storage,10 catalysis,11 molecular recognition
separations12, and nonlinear optics13.
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Coordination Polymers in Gas Storage

Homochiral Metal-Organic Frameworks for
Heterogeneous Asymmetric Catalysis

T. K. MAJI AND S. KITAGAWA. Pure Appl. Chem., Vol. 79, No. 12, pp.
2155–2177, 2007.

Dongbin Dang, Pengyan Wu, Cheng He, Zhong Xie, and Chunying Duan*.
J. Am. Chem. Soc., 2010, 132 (41), pp 14321–14323.

Remarkable advances in the recent
development of porous compounds based
upon coordination polymers have paved the
way toward functional chemistry having
potential applications such as gas storage,
separation, and catalysis.

Homochiral
crystallizations
of
two
enantiomeric
metalorganic
frameworks
(MOFs) Ce-MDIP1 and Ce-MDIP2 were
achieved by using L- or D-BCIP as chiral
inductions. Ce-MDIPs exhibit excellent
catalytic activity and high enantioselectivity
for the asymmetric cyanosilylation of aromatic
aldehydes; the homochiral Cd-TBT MOF
having L-PYI as a chiral adduct exhibits
stereochemical catalysis toward the Aldol
reactions.

Molecular recognition of organic chromophores by
coordination polymers: design and construction of nonlinear
optical supramolecular assemblies

New Ferroelectric and Nonlinear Optical Porous
Coordination Polymer Constructed from a Rare
(CuBr)∞Castellated Chain

Songping D. Huang* and Ren-Gen Xiong. Polyhedron Volume 16, Issue 22, 15 September 1997,
Pages 3929-3939.

Yi-Ming Xie,†,‡ Jiu-Hui Liu,† Xiao-Yuan Wu,† Zhen-Guo Zhao,† Qi-Sheng Zhang,† Fei Wang,†
Shan-Ci Chen,† and Can-Zhong Lu*,†. Cryst. Growth Des., 2008, 8 (11), pp 3914–3916.

One-dimensional coordination polymers of
[Cd(4,4'-bipy)3(H20)2+ (CIO4)2 • 2H20 (1)
and [{Cd(4,4'-bipy)(H20)2(C104)2}(4,4'-bipy)]
(2) were synthesized, respectively, in
EtOH/H20 solution through a selfassembly
process or by the ethanothermal reaction in
a sealed tube. In the presence of NLO-active
organic chromophore 2-nitroaniline or Nmethyl-2-nitroaniline, the solution selfassembly reaction gave two-dimensional
inclusion compounds.

A
novel
three-dimensional
porous
coordination polymer {[CuLBr] · 0.5H2O}n,
solvothermally synthesized by the selfassembly of 4,4′-H2bpz (L ) 4,4′-H2bpz )
3,3′,5,5′-tetramethyl-4,4′-bipyrazole) and
CuBr, has a non-centrosymmetric polar
packing arrangement, resulting in a strong
second harmonic generation response and
ferroelectric property.

9

Reducing these molecules has lately allowed a thrilling novel class of vastly malleable
nanomaterials recognized as nanoscale coordination polymers (NCPs).141516171819 In contrast
with organic or inorganic nanostructures, this improvement may evolve in NCPs via the precise
choice of organic building blocks and metal class.

Modular Synthesis of Functional Nanoscale Coordination
Polymers
Wenbin Lin,* William J. Rieter, and Kathryn M. L. Taylor. Angew. Chem. Int. Ed.
2009, 48, 650 – 658.

We highlight advances in the syntheses of both amorphous
and crystalline nanoscale coordination polymers. We also
illustrate how scaling down these materials to the nano
regime has enabled their use in a broad range of
applications including catalysis, spin-crossover, templating,
biosensing, biomedical imaging, and anticancer drug
delivery.

Supramolecular DNA-delivery Agents.
An important application for supramolecular structures is as DNA-delivery agents for
mammalian cells, which are likely to play very important roles in gene therapy.20 Gene vaccines
represent a new approach to immunization in which one or more genes that encode for
proteins that belong to a pathogen are delivered into cells in order to generate sufficient
quantities of immunogens to elicit a specific immune response in the host.1 In 1990, Wolf and
coworkers demonstrated the first example of direct gene transfer into mouse muscle in vivo2
and opened the door to the possibility of using the body’s own DNA-protein machinery to
generate a wide variety of antigens. This new approach for immunization avoids all the risks
10

associated with the use of attenuated pathogens, which are often employed in traditional
vaccines.
They can surpass central problems that viral vectors have regarding costs and health
risks, including the immune response that the viral vectors draw, which in addition reduce their
effectiveness.21 Also, there are there is a requirement for upgrades over synthetic delivery
agents that are build on ammonium surfactants regarding troubles with toxicity and instability
of their DNA- condensates.22,23

Molecular structure of
DNA. Insets show
potential non covalent
binding interactions

This has motivated the search of novel transfection agents that afford better regulation
over the strength and programmability of the DNA lipo-complexes that probably will guide to
enhanced gene delivery method for in vivo applications. In recent times, many materials have
been settled with these goals in mind such as dendrimeric polyamido-amines,24 porous silica
nanoparticles,25 and gold nanoparticles26.

11

Quaternized Polyamidoamine Dendrimers as Novel Gene
Delivery System: Relationship between Degree of
Quaternization and Their Influences

Mesoporous silica nanoparticles as controlled
release drug delivery and gene transfection carriers
Igor I. Slowing, Juan L. Vivero-Escoto, Chia-Wen Wu, Victor S.-Y. Lin.
Advanced Drug Delivery Reviews Volume 60, Issue 11, 17 August 2008,
Pages 1278-1288.

Jung Hoon Lee, Yong-beom Lim, Joon Sig Choi, Myung-un Choi, Chul-hak Yang, and Jongsang Park*. Bull. Korean Chem. Soc. 2003, Vol. 24, No. 11, 1637-1640.

These quaternary dendritic carriers exhibited
reduced cytotoxicity on 293T cells compared to
parent dendrimers examined and their
transfection efficiency were similar with parent
dendrimers. Quaternization could be a promising
tool to improve properties of dendrimers as a
gene delivery carrier.

They summarized the advantages of using
MSN for several drug delivery applications.
The
recent
investigations
of
the
biocompatibility of MSN in vitro are discussed.
They also describe the exciting progress on
using MSN to penetrate various cell
membranes in animal and plant cells.

Drug and Gene Delivery using Gold Nanoparticles
Gang Han • Partha Ghosh • Mrinmoy De. Vincent M. Rotello. NanoBioTechnology Volume 3, Number 1, 40-45

Monolayer-functionalized gold nanoparticles provide
attractive vehicles for pharmaceutical delivery applications
as a result of their size and the unique properties and
release mechanisms imparted by their monolayer.

A key to the development of materials is when you achieve control on their structure
and properties. Actual tactics for the synthesis of composite materials such as
multifunctionalized homo and copolymers also require this control or are synthetically
challenging and require extensive characterization.

12

1.1 STATEMENT OF PROBLEM
Most reported coordination-driven supramolecular ensembles (1) are either not soluble,
or not stable in aqueous media, (2) are intrinsically inert due to their rigid internal structures,
(3) lack the ability to generate families of closely related structures with varying chemical and
physical properties and (4) have limited dimensions of <6 nm due to their entropic preference
to form smaller ensembles. This work addresses these issues by developing synthetic methods
to generate nanostructured materials not only in solid state but also in water by creating
coordination amphiphiles which have the ability to integrate with other components and
assemble into larger more complex systems (modular properties).

1.2. OBJECTIVES
a) To develop a new class of metallo-copolymers that self-organize into two levels of
hierarchical order: one-dimensional coordination network followed by a three-D folding
structure.
b) To study their chemical, physical, and biological properties.

13

CHAPTER 2. MONONUCLEAR CU(II) COMPLEXES THAT FORM BILAYER ORGANIZATIONS IN
WATER
The use of coordination-directed self-assembly has become an established methodology
for the synthesis of discrete and extended nanostructures. This approach offers a variety of
design opportunities for the preparation of nanoscopic supramolecular ensembles with
predetermined shape, size and symmetry. However, due to entropic reasons during selfassembly, smaller ensembles with fewer components are more favored thermodynamically in
order to generate a greater number of ensembles with fewer components. This thermodynamic
fact has greatly limited the formation of larger and more complex structures in molecular selfassembly. For example, all the molecular ensembles formed using this approach are less than
seven nm in size. Furthermore, the notorious water insolubility that most coordination-directed
ensembles exhibit has also limited their practical application.
In order to overcome these limitations found in traditional coordination-directed selfassembly, we designed building blocks that combine the useful coordination ability of transition
metals with the properties that amphiphiles exhibit in aqueous media in order to generate an
unprecedented level of complexity in self-assembled nano systems.
Our strategy is to prepare synthetic amphiphiles (molecules that have a polar head and
hydrophobic tail) with coordination-capable head-groups in order to carry out two levels of selfassembly: one that organizes the head-groups alone via coordination interactions (first
generation self-assembly), followed by a second level of organization driven by the
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hydrophobic-hydrophilic interactions of the amphiphiles (second-generation self-assembly). We
call these new types of molecular building blocks coordination amphiphiles, Figure 2.1.

Coordination-capable
head group

Hydrophobic group

Hydrophilic group

Figure 2.1. Schematic representation of a coordination amphiphile
Coordination amphiphiles are molecules designed to self-organize via coordination and
hydrogen bonding interactions into discrete molecular ensembles that range in sizes <10 nm in
aprotic solvents. However, we hypothesized that when these amphiphilic complexes are
introduced into aqueous media, they will undergo through a second-generation self-assembly
event that will produce nanoscopic micelles, liposomes, or lamellar structures with
unprecedented levels of molecular complexity at their surface. Since micellar structures are
single layered spherical arrays of amphiphiles that range in size between 3-7 nm, we expect the
coordination amphiphiles that adopt such structures to be within a similar size range. The
amphiphiles that would form liposomes or vesicles will be nanospheres composed of the
amphiphilic bilayers that separate an aqueous internal compartment from the bulk aqueous
phase and range in size between 50-500 nm. Those that form lamellar structures, which
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consists of amphiphilic bilayers two-dimensional structures, would range in sizes that depend
on the concentration of the components.

Figure 2.2. Nanostructures from amphiphilic coordination networks.
2.1. LIGANDS DESIGN
One of the primary criteria used to select the proper ligand was that it had to have the
capability of being functionalized with hydrophobic alkyl chains while retaining its ability of
forming coordination interactions with transition metals. The ligand is designed so that the
coordination of the metal is full, not allowing other processes such as hydrolysis to take place.
Because these reasons, we chose as the base ligand 1,4,7-triazacyclononane (TACN) since it has
16

three secondary amines capable of being modified with hydrophobic groups while retaining
their Lewis base character.

Figure 2.3. Chemical structure of the ligand 1,4,7-triazacyclononane (TACN)

The molecule 1,4,7-triazacyclononane will be derivatized with hydrophobic groups in a
systematic way. We hypothesize that the chemical structure of the hydrophobic group R
attached to the ligand will influence the properties of the final lyotropic structure obtained.
Herein we propose to synthesize TACN derivatives in a systematic way, varying the length of
aliphatic chains (for example C8, C10, C12, C14, C16, and C18), Figure 2.4.

Figure 2.4. Modifications of the hydrophobic group of TACN ligand
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2.1.1. Synthesis of 1,4,7-triazacyclononane
1,4,7-triazacyclononane, a nine member cyclic ring containing three amine groups, is a
well-known ligand used in coordination chemistry. Transition metals bind to this tridentate
ligand with high equilibrium constants. Furthermore, this ligand has the capability to form
hydrogen bonds through the amine motifs. 1,4,7-triazacyclonane can be synthesized from
inexpensive reagents such as diethylenetriamine and diethilenglycol, according to a procedure
reported by Kang27, Figure 2.3. During the synthesis, tosyl groups (CH3-C6H4-SO2-) are used as
protective groups.

Figure 2.5. Synthesis of 1,4,7-triazacyclononane
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2.1.2. Synthesis of alkyl modified triazacyclononane ligands
Alkyl monosubstituted triazacyclononane ligands containing 12 carbons in the alkyl
chain were formed by the corresponding nucleophilic addition of one equivalent of 1bromoalkane to 1,4,7-triazacyclononane (TACN) in dry THF over sodium hydride at 60o for 12 to
48 h. The product mixture was purified with a flash column using a gradient of chloroformmethanol.

Figure 2.6. Synthesis of an alkylated derivative of TACN
Detailed synthesis and characterization of these ligands, including 1H NMR, 13C NMR,
and IR spectra, can be found in the appendix section.

2.2. SYNTHESIS OF AMPHIPHILIC COORDINATION COMPLEXES
Alkyl monosubstituted triazacyclononane ligands were reacted at room temperature for
24 h with one half of equivalent of copper (II) triflate in acetonitrile to produce a coordination
amphiphile that has a full coordination sphere around the metal. Copper was the selected
metal to produce these molecules because of its rich coordination capabilities and
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biocompatibility. Other transition metals that can form this kind of complexes are Zn(II), Co(III),
Mn(II), Ni(II) and Fe(II) but they will not be reported in this dissertation. Figure 2.6 illustrates
the synthesis of a Cu(II) amphiphilic complex showing a C12 hydrophobic chain.

Figure 2.7. Synthesis of a copper coordination amphiphile
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In order to fully characterize the coordination features of the complex, we synthesized
the head group of this coordination amphiphile in which the 1,4,7-triazacyclononane has no
alkyl chains, but only H atoms at their amine groups. Such synthesis was accomplished using
two equivalents of TACN with copper triflate in aprotic media such as acetonitrile, Figure 2.8.

Figure 2.8. Synthesis of bis(1,4,7-triazacyclononane)copper(II) triflate
The resulting Cu-complex was isolated and structurally characterized with X-ray
crystallography. Crystals suitable for single crystal X-ray diffraction studies of the bis(1,4,7triazacyclononane)copper(II) triflate (head group) were obtained at 4 degrees by diethyl ether
diffusion over a concentrated solution in CH3CN. The X-ray crystallographic study of this
compound revealed that two tridentate ligands of the triazacyclononane was coordinated to
the metal center generating a mononuclear complex with a distorted octahedral geometry.
Crystal and structure refinement data as well as selected atom distances and angles are
reported in the appendix section.
A closer inspection into the geometric parameters of Cu-complex, reveals the JahnTeller effect in which the axial Cu-N distance (2.34 Å) is slightly greater than the average
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equatorial distance Cu-N (2.06 Å). The thermal ellipsoid plot of the copper complex head group
is shown in Figure 18 and the unit cell for this complex (trigonal space group P31 , a = 9.4428(2),
b = 9.4428(2), c = 24.7664(7) Å, α= β= 90°, γ = 120°) is represented in Figure 2.9.

Figure 2.9. Thermal ellipsoid plot and unit cell of Cu-complex head group (H atoms are omitted
for clarity).
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The formation of amphiphilic Cu(II) complexes in acetonitrile is evidenced by a d-d
transition band at 620-640 nm in the UV-visible electronic spectrum, Figure 2.10. As a
reference, visible spectra of [Cu(TACN)2](OTf)2 in acetonitrile (included in the appendix section)
showed a maximum absorption at 620 nm, indicating the same coordination sphere of
copper(II) as the amphiphilic complexes.
Variations in Lipid Character in Metal Complexes

6

5

4

3

2

*We will call each molecule with a number staring from C8
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1

Figure 2.10. Visible spectra of copper amphiphilic complexes in acetonitrile.
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CHAPTER 3. SYNTHESIS OF POLYMERIC COORDINATION CU(II) COMPLEXES
3.1. SYNTHESIS OF METAL-ORGANIC FRAMEWORKS
3.1.1. Synthesis of copper polymer
The

mononuclear

copper

complex

[1,3-Di(4-pyridyl)propane)bis(1,4,7-

triazacyclononane) copper(II) triflate] is synthetized by reacting the same equivalents of 1,4,7triazacyclononane, 1,3-Di(4-pyridyl)propane)and copper triflate in DMF, figure 2.5, followed by
crystallization using slow diffusion of ether into a concentrated solution of the copper dimmer
under anaerobic and anhydrous conditions. OTf = triflate = trifluoromethanesulfonate =OSO2CF3.

Figure 3.1. Synthesis of copper dimmer.
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Purple crystals of [1,3-Di(4-pyridyl)propane)bis(1,4,7-triazacyclononane) copper(II)
triflate] were obtained using this methodology. Single Crystal X-ray analysis was performed to
characterize the complex formed, Figure 3.2. X-ray crystal structure of the mononuclear
complex shows a rhomboidal system with the copper acting as a 90 degree linker to the pyridyl
rings of dimmer( Complete crystallographic data for this complex is shown in the appendix
section).
2

Figure 3.2. Thermal ellipsoid plot of the copper dimmer. H atoms and counter ions are omitted
for clarity.
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The one-dimensional coordination network composed of alternating units of Cu(II)(tacn)
groups and 4,4’-trimethylenedi-pyridyl,where tacn = 1,4,7-triazacyclononane, was characterized
with X-ray crystallography. The ellipsoids were drawn at 50% probability levels and the triflate
anions were omitted for clarity. This structure served as the basis to derive an analogous
system in which the tacn units comprised a lipid component that generated one-dimensional
cationic coordination polymers with lipid groups along the network.
DLS studies for complex polymer [1,3-Di(4-pyridyl)propane)bis(1,4,7-triazacyclononane)
copper(II) triflate] shows that these Cu polymer complexes have a molecular weight that range
from 530 KDa to 17,600 KDa. We use Pyridine as capping agent to gradually reduce the Cu
polymer to a protein- like weight molecule for future biological studies. The details of synthesis
are in the support data sheet but briefly, we varied the percentage of 1,3-Di(4-pyridyl)propane
and Pyridine in each sample. In every sample we were lowering the concentration of 1,3-Di(4pyridyl)propane and increasing the concentration of Pyridine each time.
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Graph 3.1. DLS of [1,3-Di(4-pyridyl)propane)bis(1,4,7-triazacyclononane) copper(II) triflate] neat
solution

3.2. SYNTHESIS OF METALLO-MICELLES
To promote the formation of micelles from the coordination amphiphiles we followed a
standard procedure called reverse phase formation of micelles. In this procedure the sample is
dissolved in the minimum amount of chloroform and then water is added (CHCl3:H2O
1:100v/v). The dispersion is ultrasonicated for 30 min. After this time, the remaining organic
solvent is removed by high vacuum and the final volume is adjusted with water to produce a
homogeneous dispersion of a known concentration.
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The resulting micelles were characterized using atomic force microscopy (AFM),
scanning electron microscopy (SEM) and dynamic light scattering (DLS). These ensembles
represent the first examples of their class and since they have an intricate structure made of
metal complexes at their surface, they constitute the most intricate synthetically produced
micelles to date.

Confocal microscope Images of Cu polymer 1,3-Di(4-pyridyl)propane)bis(1,4,7triazacyclononane) copper(II) triflate reveal the formation of toroid like micelles in water. They
range in size of 2 um.

Figure 3.4. Fluorescent optical microscopy image at 40X.
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Atomic Force Microscopy and Scanning Electron Microscopy images of micelles and neat
solution deposited over mica and Carbon dots respectively were obtained for the same
complex [1,3-Di(4-pyridyl)propane)bis(1,4,7-triazacyclononane) copper(II) triflate] in air.
Experimental details can be found in the appendix section. Briefly, for Atomic Force Microscopy
images, a small amount of neat solution sample (~5uL) was aliquoted to a cleaved mica
substrate, allowed to air dry prior to imaging. Imaging the compound in air led to complexes
with an average size of 20 to 50 nm, Figure 3.5. Now, for the Scanning Electron Microscopy
images, the same amount of 5 uL of micelles solution and then the neat solution were
deposited over Carbon dots allowed to air dry prior to imaging.

Figure 3.5. AFM image in air of [1,3-Di(4-pyridyl)propane)bis(1,4,7-triazacyclononane)
copper(II) triflate] complexes of neat solution.
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Figure 3.6. Zoom of previous AFM image in air of [1,3-Di(4-pyridyl)propane)bis(1,4,7triazacyclononane) copper(II) triflate] complexes of neat solution.

Figure 3.7. SEM image of [1,3-Di(4-pyridyl)propane)bis(1,4,7-triazacyclononane) copper(II)
triflate] micelles at 20um.
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Figure 3.8. SEM image of [1,3-Di(4-pyridyl)propane)bis(1,4,7-triazacyclononane) copper(II)
triflate] micelles at 20um.

Figure 3.9. SEM image of [1,3-Di(4-pyridyl)propane)bis(1,4,7-triazacyclononane) copper(II)
triflate] micelles at 4um.
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Figure 3.10. SEM image of [1,3-Di(4-pyridyl)propane)bis(1,4,7-triazacyclononane) copper(II)
triflate] neat solution at 100um.

Measurements performed in air lead to the complexes of the neat solution to be larger
than the micelles. The size of the complexes of the neat solution ranges from 1 to 2 um while
the micelles’ was about .5 to 1.3 um. The variation in size observed in AFM between neat
complexes and micelles images could be attributed to the fact that when in pure solution, the
complexes are polymers and when they make micelles they get shorter. The size determined
with the liquid cell agrees with the range of sizes observed using dynamic light scattering. SEM
images confirm the sizes provided by AFM studies of micelles as well as for the neat. Neat in
SEM images show that these particles tend to form a layer over the surface.
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3.3. METAL-MEDIATED FORMATION OF DNA-METALLO-VESICLE COMPLEXES
One of the most important applications in biology of self-assembled structures, i.e.
liposomes or vesicles, is as DNA delivery systems. Cationic liposomes have been shown to
complex with DNA forming a nonviral carrier of DNA vectors for gene therapy45. The problem
with these complexes is that they just depend on the electrostatic interactions between the
positively charged liposomes and the negatively charged DNA. Herein we propose to use a new
type of cationic vesicle capable to interact with the DNA not only electrostatically but also
chemically using hydrogen bonding elements within the coordination amphiphiles. The final
second-generation nanoscopic ensembles presented in Section 2.3, will be studied for their
potential application as gene delivery systems.
Discovering novel strategies to transfect mammalian cells with exogenous DNA or RNA
is an important goal in genetic medicine in particularly to the progress of gene vaccines. To
date, the lack of effective transfection systems that are efficient with large plasmids and cellspecific is a major impediment to progress in this area. Current transfection systems rely on
viruses or synthetic polyammonium surfactant carriers, but these have inherent limitations
related to health risks in the former, lack of specificity and low-carrying capacity in the later.
Cationic liposomes bind and condense DNA spontaneously to form complexes with high
affinity to cell membranes. Endocytosis of the complexes followed by disruption of the
endosomal membrane appears to be the major mechanism of gene delivery. If the coordination
complex is capable to form cationic liposomal structures, it is possible that they can be used as
DNA delivery systems, since some cationic liposomes have proven to be useful tools for the
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delivery of plasmid DNA and antisense oligonucleotides into mammalian cells. This is important
in the context of gene therapy, where this approach has been increasingly considered for the
treatment of a variety of genetic and acquired diseases.
The use of coordination amphiphiles allows for the development of the basic chemistry
of a new family of metal-organic materials that can function as gene transfection systems, but
in addition, exhibit programmable and modular properties. This new compounds will have the
ability to integrate with other components and assemble into larger more complex systems.
The head group of the copper amphiphile is designed to bind to phosphate groups I DNA
via electrostatic interactions and hydrogen bonding. The distance between two adjacent
phosphate groups is the same as the phosphate analogues (OTf) in the crystal structure. See
crystal structure (right) and model with DNA (left) in Figure 3.11. This means that it could be
possible for the copper complex to bind to the DNA using a hydrogen bond between N-H…O
where the N-H is the amine group of the ligand and the oxygen is part of the phosphate group
in the backbone of DNA. We hypothesize that the coordination amphiphile formed using this
head group will interact strongly with DNA. If this is true, a more efficient DNA delivery system
could be created.

35

Figure 3.11. Electrostatic and hydrogen bond interaction of the copper complex with DNA.

Some of the DNA-micellocomplexes formed are big enough to be visualized with
fluorescence optical microscopy. In order to demonstrate that the complex is formed from DNA
and micelles, selective fluorescent probes were added. For instance, Nile red, which shows a
red fluorescence in the presence of a hydrophobic bilayer, was used to observe selectively the
liposome; and CYBR green, which shows green fluorescence when bonded to double strand
DNA, was used to see the plasmid. Figure 3.12 demonstrate that DNA and micelles from [1,3Di(4-pyridyl)propane)bis(1,4,7-triazacyclononane) copper(II) triflate], are co-localized in the
aggregate.

25 m

Figure 3.12. Super imposition of DNA-metallomicelles stained with Nile red (for hydrophobicity)
and CYBR green (for DNA).
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3.4. TRANSFECTION EXPERIMENTS
The DNA-metal micellocomplexes were tested as potential DNA delivery systems. For
this purpose, a plasmid that encodes for the synthesis of green fluorescent protein (GFP),
pEGFP-N1 of 4.9 Kb was expressed in Human Embryonic Kidney cells HEK 293T using the Cumicelles as the vehicle (experimental details can be found in the appendix section of this
dissertation). In this way, if transfection takes place, fluorescent cells are obtained, and they
can be observed using optical fluorescence microscopy, Figure 3.13. These experiments were
performed under the guidance of Dr. Aguilera and Dr. Varela from the Department of Biological
Sciences at the University of Texas at El Paso.
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Figure 3.13. Superimposition of images of HEK 293-T cells transfected with pEGFP-N1
complexated with [1,3-Di(4-pyridyl)propane)bis(1,4,7-triazacyclononane) copper(II) triflate]
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Figure 3.14. Transfection activity of cationic micelles. The amount of liposomes used was 10 uL
at 1.5 mM. The amount of DNA used was 1ug. Data is Shown as mean +- s.d. (n=3)

We counted manually the transfected cells under a fluorescent optical microscopy
(100,000 cells per well were counted) instead of using the flow cytometer because we have
seen that this technique lowers the transfection numbers. This difference can be attributed to
the fact that not all transfected cells present the same amount of green fluorescent protein, so
cells that have low fluorescence are “not seen” by an automated process. Although this
technique allows for fast screening of up to 10,000 events the sensitivity is lower when
compared to the manual process. In this fashion, we reported that for [1,3-Di(4pyridyl)propane)bis(1,4,7-triazacyclononane) copper(II) triflate]the transfection efficiency can
be up to 10%.
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CHAPTER 4. SINGLE-MOLECULE Cu(II) MICELLES
This second molecule follows the same criteria and functionality stated in the begging of
the chapter. It self-assemble into micelles in water and it is capable of transfect due to the Hbonding to DNA. Also it has the same pattern as the previous ligand; it includes the bridge
(Tetraethyleneglycol-di-isonicotinc acid), the metal (Cu triflate) and the hydrophobic part
(Decanoic acid). A 12 member ring (1,4,7,10-tetraazacyclododecane) was added to the complex
to stabilize the molecule, the ring prevents the over coordination to the metal. We think the
micelles from this new design will provide places or “rings” for other molecules to be added.
We think this new design will lead to a micelle to be used in the therapeutic field.
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Red= Tetraethyleneglycoldi-isonicotinicacid.
Blue= Decanoic Acid.

Figure 4.1. Computer simulation using Accelrys Discovery Studio 3.0 of desired micelle form by
complex (Tetraethyleneglycol-di-isonicotinic acid)decanoic acid(1,4,7,10tetraazacyclododecane) copper(II) in water.
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4.1. SYNTHESIS TETRAETHYLENEGLYCOL-DI-ISONICOTINIC ACID
This molecule was design to be able to be coordinated with copper and also to be very
hydrophilic. We think that due to the fact that there are many oxygen atoms, this molecule may
be very biodegradable. Tetraethyleneglycol-di-isonicotinic acid is a large ditopic ligand that
binds with transition metals to make large polymers. The ligand is prepared by reacting two
equivalents of isonicotinoyl chloride with tetraethylene glycol in anhydrous dichloromethane
and triethylamine under reflux, according to the literature methodology28, Figure 4.2.

2

Figure 4.2. Synthesis of Tetraethyleneglycol-di-isonicotinic acid.
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There are other molecules in this complex that we did not have to synthetize and that
are necessary for the molecule to work. That is Decanoic acid, 1,4,7,10-tetraazacyclododecane
and Copper(II) trifluoromethanesulfonate.

4.2. SYNTHESIS OF METAL-ORGANIC FRAMEWORKS
4.2.1. Synthesis of copper polymer
The mononuclear copper complex (Tetraethyleneglycol-di-isonicotinic acid(1,4,7,10tetraazacyclododecane)copper(II) is synthetized by reacting the same equivalents of 1,4,7,10tetraazacyclododecane, Tetraethyleneglycol-di-isonicotinic acid, Decanoic acid, and Copper(II)
trifluoromethanesulfonate in acetonitrile.
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Figure 4.3. Synthesis of copper polymer.
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4.3. CHARACTERIZATION STUDIES FOR THE COOPER COMPLEXES
We engineer the size of the cooper complexes by increasing the concentration of the
Decanoic acid and stearic acid (10 and 18 carbon chain respectively) in a ratio of 0% to 200%.
We also change the solvent condition for both the decanoic acid and the stearic acid
complexes. We used two kinds of solvents, acetonitrile and THF. We designed eleven different
size molecules for each type of carboxylic acid, the firsts being the ones with low concentration
of carboxylic acid and last ones with the most concentration. We designed a set of
characterization studies of Dynamic Light Scattering (DLS), Scanning Electron Microscopy (SEM)
images, Atomic Force Microscopy (AFM) and, Inverted Confocal Mycroscopy images.
These inverted confocal microscope images shows the toroidal micelles formed by
compound

(Tetraethyleneglycol-di-isonicotinic

acid)decanoic

acid(1,4,7,10-

tetraazacyclododecane) copper(II) to be 2 um long. The micelles were stained with Nile red to
prove their hydrophobicity.

2 um

Figure 4.4. Inverted Confocal Microscope images of micelles made of polymer
(Tetraethyleneglycol-di-isonicotinic acid)decanoic acid(1,4,7,10-tetraazacyclododecane)
copper(II) at 40X amplification.

45

Dynamic light Scattering (DLS) of the all the Cu amphiphilic complexes showed a broad
distribution of molecular weights. The range of molecular weights for decanoic acid in
acetonitrile went from 2270 KDa up to 2.70x10^5KDa, see graph 4.1. For the Cu complex with
stearic acid in tetrahydrofuran the range of molecular weight was from 123 KDa to
2.57x10^5KDa, see

graph

4.2.

And

for the

Cu

complex

with

stearic

acid

in

tetrahydrofuran/acetonitrile the range went from 865 KDa to 8.88x10^4, see graph 4.3. The
results from stearic acid in THF look the best but, when we were preparing the complex there
was a precipitate and since two different complexes with two different colors were isolated
from this complex we did not used it for final characterization. The same happened with stearic
acid in tetrahydrofuran/acetonitrile, at the moment of add the reagents to make the Cu
complex two molecules formed. We were able to homogenize both molecules by heating the
solution but the solution is not stable, the mixture just stays in solution for five minutes. We
decide then to use the decanoic acid in acetonitrile for further characterization studies because
it was the most stable and homogenous of all Cu complexes and we designed a new experiment
to try to lower the most the molecular weight. We did so by adding the most equivalents of
decanoic acid sample by sample. The range went from 291 KDa to 2.19x10^5 KDa. Surprisingly
the data came up negative. The smaller Cu complex is formed by adding just one equivalent of
carboxylic acid whereas the bigger is formed by adding infinite number of carboxylic acid, see
graph 4.4.
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Graph 4.1. DLS results of decreasing size of Cu complex using decanoic acid in acetonitrile.
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Graph 4.2. DLS results of decreasing size of Cu complex using stearic acid in tetrahydrofuran.
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Graph 4.3. DLS results of decreasing size of Cu complex using stearic acid in
tetrahydrofuran/acetonitrile.
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Graph 4.4. DLS results of increasing size of Cu complex using decanoic acid in acetonitrile with
increasing equivalents of capping agent.
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The AFM images of both micelles and neat solution were deposited on mica (Approx 5uL
of solution). The images of Cu complex polymer (Tetraethyleneglycol-di-isonicotinic acid)
decanoic acid(1,4,7,10-tetraazacyclododecane) copper(II) shows that this complex is able to
form micelles in water with an average size of .5 um. The neat solution seems like is able to
form a thin film over the mica surface just like we predicted

Figure 4.5. AFM image in air of (Tetraethyleneglycol-di-isonicotinic acid) decanoic acid(1,4,7,10tetraazacyclododecane) copper(II) micelles.
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Figure 4.6. AFM image in air of (Tetraethyleglycol-di-isonicotinicacid)decanoicacid(1,4,7,10tetraazacyclododecane) copper(II) micelle.
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Figure 4.7. AFM image in air of (Tetraethyleneglycol-di-isonicotinic acid)decanoic acid(1,4,7,10tetraazacyclododecane) copper(II) neat solution.

The SEM images were taken over a Carbon dot using 5 uL of micelles solution at 1.5 mM
as well as for the neat solution. These images confirm the size revealed by the AFM studies
being the size of the micelles around .5 um. As for the neat solution images, they also confirm
that the neat solution of (Tetraethyleneglycol-di-isonicotinic acid)decanoic acid(1,4,7,10tetraazacyclododecane) copper(II) complex form a thin film.
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Figure 4.8. SEM image of (Tetraethyleglycol-di-isonicotinicacid)decanoicacid(1,4,7,10tetraazacyclododecane) copper(II) micelles.

Figure 4.9. SEM image of (Tetraethyleneglycol-di-isonicotinic acid)decanoic acid(1,4,7,10tetraazacyclododecane) copper(II) micelles.
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CONCLUSIONS
In conclusion we designed, synthesized and characterized of a new set of molecules,
[1,3-Di(4-pyridyl)propane)

bis(1,4,7-triazacyclononane)

[(Tetraethyleglycol-di-isonicotinic

acid)decanoic

copper(II)

acid(1,4,7,10-

triflate]

(7),

and

tetraazacyclododecane)

copper(II)] (8) that spontaneously self-organize in water to form three-dimensional nanoscale
toroidal structures.
We reported the first examples of Cu self-folding Cu(II) coordination polymer (7) metalmediated gene transfection with a efficiency percentage of up to 6%. Also we were capable of
control the weight of this molecule using Pyridine.
For molecule (8) we were able to control size and molecular weight by varying the
percentage of Decanoic acid until we got a protein-like size molecule. Also this molecule is able
to form micelles which makes this molecule a candidate for DNA delivery.
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APPENDIX
SUPPORTING INFORMATION FOR CHAPTER 2

Synthesis of 1,4,7-triazacyclononane

Ditosyl ethylene glycol 11. To a solution of 29 g triethylamine and 55 g tosyl chloride in
200 mL of dichloromethane at 0 oC was added 8 g ethylene glycol for an hour. Then the reaction
mixture was stirred for 24 hours. The reaction mixture was poured into 2 L water and extracted
with 100 mL of dichloromethane 5 times. The organic layer was dried with MgSO4 and filtered.
Evaporation of dichloromethane produced 47 g of compound 11 in 97% yield.
Tritosyl diethylenetriamine 13. To a solution of 25.2 g triethylamine and 8 g
diethylenetriamine in 350 mL dichloromethane was added 45.8 g tosylchloride at 0 oC. Then
the reaction mixture was stirred for 12 hours. Evaporation of the solvent and recrystallization in
methanol gave 41.4 g of product 13 in 93% yield.
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Compound 14. To a solution of 32 g of the compound 13 in 310 mL ethanol was added
23 g of 28% MaOMe and refluxed for 2 hours. Filtration of the solid afforded the compound 14
in 96% yield.
Tritosyl 1,4,7-triazacyclononane 15. To a solution of 28 g of the compound 14 in 180 mL
dried DMF at 100 oC was added 17 g of the compound 11 in 150 mL dried DMF for 2 hours.
Then the reaction mixture was stirred for 2 hours more at 100 oC. Evaporation of the DMF at
reduced pressure and recrystallization in water gave the 24.5 g of the compound 15 in 90%
yield. 1H NMR (200 MHz, CDCl3) 7.65 (d, 6H, J = 8.0) 7.28 (d, 6H, J = 8.0) 3.40 (s, 12H) 2.41 (s,
9H).

1

H NMR of 1,4,7-triazacyclononane (TACN)
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Synthesis of an alkylated derivative of TACN

All alkyl monosubstituted triazacyclononane ligands were prepared with the same
procedure: In a 50 mL Schlenk flask under an argon atmosphere, a mixture of 1,4,7triazacyclononane (300 mg, 2.31 mmol) and 1.1 equivalents of sodium hydride (60 mg, 2.55
mmol) in 20 mL of dry THF was stirred for 10 minutes. Then, a 10 mL THF solution containing 1
equivalent of 1-bromoalkane (2.31 mmol, R= 8, 10, 12, 14, 16 or 18 saturated alkyl chain) was
added drop by drop to the reaction flask. The reaction mixture was stirred overnight in an oil
bath at 60 ºC. Reaction mixture was then hydrolized and extracted with chloroform. Chloroform
extracts were concentrated and the product was purified using an automated flash
chromatography system (Biotage) using a gradient of chloroform-methanol on a silica column
(KP-SIL, 60Å, 40-63μM particle size). NMR and IR spectra are attached in this section for each
ligand.
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1

H NMR of 1-dodecyl-1,4,7-triazacyclononane (TACN-C12)
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13

C NMR of 1-dodecyl-1,4,7-triazacyclononane (TACN-C12)

Synthesis of a copper coordination amphiphile
All complexes of the form bis(1-alkyl-1,4,7- triazacyclononane)copper(II) triflate were
prepared in a similar way. Copper(II) trifluoromethanesulfonate, Cu(OTf)2 (38 mg 0.1 mmol)
was dissolved in 2 mL of acetonitrile followed by an addition of 2 equivalents of ligand (0.2
mmol). The solutions were stirred at room temperature under nitrogen atmosphere for 24
hours. The compounds were isolated by fractional crystallization with diethyl ether at -40 oC.
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Synthesis of bis(1,4,7-triazacyclononane)copper(II) triflate
2 equivalents of 1,4,7- triazacyclononane (100 mg, 0.77 mmol) were dissolved in 1 mL of
acetonitrile. This mixture is added dropwise to a continued stirred solution of Cu(OTf)2 (140
mg, 0.38 mmol) in 1 mL of acetonitrile. The combined mixture turns dark blue. Blue prismatic
crystals were obtained by slow air evaporation of a concentrated solution of this complex in
CH3CN. UV-vis (Acetonitrile) λmax = 620 nm.

Visible spectrum of [Cu(TACN)2](OTf)2
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Crystal and structure refinement data for [Cu(TACN)2](OTf)2 as well as selected atom
distances and angles are listed below.
Crystal data and structure refinement for [Cu(TACN)2](OTf)2
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Selected Bond lengths [Å] and angles [°] for complex 3

68

Spectroscopy studies. UV-vis spectra of acetonitrile solutions of copper complexes were
recorded in the visible range (400-800 nm) on a Perkin Elmer Lambda 35 spectrometer. UV
WinLab v. 2.85.04 software was used to analyze the spectra.

SUPPORTING INFORMATION FOR CHAPTER 3

Synthesis of copper dimmer [1,3-Di(4-pyridyl)propane)bis(1,4,7-triazacyclononane) copper(II)
triflate]
1 equivalent of 1,4,7- triazacyclononane (100 mg, 0.77 mmol) was dissolved in 1 mL of
DMF. This mixture is added dropwise to a continued stirred solution of Cu(OTf)2 (140 mg, 0.38
mmol) in 1 mL of DMF. The combined mixture turns dark blue. In a separate flask dilute the 1,3Di(4-pyridyl)propane in 1 mL of DMF to finally add it to the initial mixture.

69

IR of (Cu(TACN)(OTf)2(4,4’-trimethyldipyridil))n

IR of (Cu(TACN-C12)(OTf)2(4,4’-trimethyldipyridil))n
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Crystal

and

structure refinement

data

for

[1,3-Di(4-pyridyl)propane)bis(1,4,7-

triazacyclononane) copper(II) triflate]as well as selected atom distances and angles are listed
below.

Crystal data and structure refinement for [1,3-Di(4-pyridyl)propane)bis(1,4,7triazacyclononane) copper(II) triflate]

Formula

C21 H29 Cu F6 N5 O6 S2

Formula weight

689.15

system

Monoclinic

Space group

P2(1)/n

a (Å)

8.748(3) Å

b (Å)

12.093(4) Å

c (Å)

26.106(9) Å

a (°)

90°.

b (°)

99.414(8)°.

g (°)

90°.

V (Å3)

2724.5(15)

Z

4

ρcalc (gcm-3)

1.680 Mg/m3

μ(Mo Kα) (mm-1)

1.043 mm-1

F(000)

1412
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T(K)

100(2)

2θmax for data collection (%)

57.10(93.7)

Index ranges: -h +h, -k +k, -l +l

-11 11, -15 16, -34 34

Total number reflections

29899

Independent reflections [Rint]

6496 [0.0583]

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

6496 / 0 / 486

Goodness-of-fit on F2

1.033

R1 *I>2σ(I)+

0.0440

Largest diff. peak and hole (e.Å-3)

0.708

Dynamic Light Scattering. Dynamic Light Scattering (DLS) determinations were
performed on a PD2000 DLS Plus (Precision Detectors) at 20 °C, with a scattering angle of 90.0°.
The data collected was analyzed using the software Precision Deconvolve Version 4.5. 1mM
aqueous dispersions of lipid Cu-complexes were measured.
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Confocal Microscopy. Digital images of toroids after staining with Nile Red were
obtained using the inverted Axiovert 200 fluorescent microscope and the Axiovision 3.0 image
analysis program (Zeiss, Germany).
Atomic Force Microscopy. Magnetic Alternating Current (MAC)-mode AFM was
performed using a Molecular Imaging Pico Plus system. Experiments were performed using
Type I MAC cantilevers with a resonant frequency in liquid of ~25-35 KHz. Briefly, a small
amount of sample (~5ul) was aliquoted to a cleaved mica substrate and in the case of imaging
in air, allowed to air dry prior to imaging. Images were obtained at ~1Hz and analyzed using
Gwyddion 2.5 SPM data analysis software.
Scanning Electron Microscope. The images were examined using scanning electron
microscopy in a Hitachi S4800 SEM, operated at 20 kV in the secondary electron emission
mode. The sample was placed and evaporated on carbon discs over aluminum wafers. A small
amount ~5uL of sample was aliquoted to a Carbon dot previously washed with acetone (to
remove any particle) and allowed to air dry prior to imaging.
Micelle Formation. Micelles of Cu-complexes were obtained by reverse phase
methodology: water was added to chloroform solutions of the complexes (CHCl3: H2O
1:100v/v) and the dispersion was sonicated for 30 minutes while the organic solvent was
removed in vacuum. The final volume was adjusted with water to produce 1 mM solutions. If
indicated, the solutions were forced through a 0.4 μm, or 0.1 μm pore-size polycarbonate filter
20 times (back and forward), using an extruder apparatus (Avanti Polar Lipids).
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Transfection Experiments. Human embryonic kidney (HEK) 293T cells (Edge Biosystems,
Gaithersburg, MD) were cultured in Dulbbecco’s modified Eagle’s medium (DMEM, Mediatech,
Herndon, VA) supplemented with antibiotics and 10% heat inactivated newborn calf serum
(Hyclone Laboratories, Logan, UT). pEGFP-N1 green fluorescent protein encoded plasmid (BD
Clontech. Palo Alto, CA) was amplified in Escherichia coli and purified with Maxipreps kit
(Promega. Madison, WI). HEK 293-T cells were cultured in 24-well plates at 40,000 cells/well in
a total volume 1 ml of complete media, then incubated to reach about 40 to 50 % of
confluence. Cells were washed with DMEM without serum previously to be transfected
transiently. DNA-micelle complexes were produced combining a diluted solutions of DNA with a
diluted solution of micelles (1 μg circular plasmid DNA in 50 μl serum free media with a 50 μL
media solution containing 0.5, 1, 2, 3, 4 and 8 μL of a 1mM unextruded aqueous solution of
copper complexes, respectively. After 15 min of incubation 0.4 ml of DMEM without serum
were mixed with the complexes and then added to cells. Lipofectin (Invitrogen. Carlsbad, CA)
was used as a positive control for transfection. After overnight incubation, wells were analyzed
by flow cytometry using a Coulter Epics XL cytometer (Beckman Coulter, Fullerton, CA). For
each sample, 10,000 events were collected and analyzed using EXPO32 software (Beckman
Coulter).
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SUPPORTING INFORMATION FOR CHAPTER 4

Synthesis of Tetraethyleneglycol-di-isonicotinic acid.
Two equivalents of isonicotinoyl chloride (500 mg, 3.53mmol)) were mixed with one
equivalent of tetraethylene glycol (341.84 mg, 1.76mmol) in chloroform anhydrous along with
four equivalents of triethyl amine (712.37 mg, 7.04 mmol) as base in reflux for 12 h. The solvent
was evaporated and the product was purified in a SP1 flash chromatograph using ethyl acetate
as eluding solvent.
Synthesisof(Tetraethyleneglycol-di-isonicotinicacid(1,4,7,10tetraazacyclododecane)copper(II).
1 equivalent of 1,4,7,10-tetraazacyclododecane (215 mg, 1.25 mmol) was dissolved in 1
mL of DMF. This mixture is added dropwise to a continued stirred solution of Cu(OTf)2 (452 mg,
1.25 mmol) in 1 mL of DMF. The combined mixture turns dark blue. In a separate flask dilute
the Tetraethyleneglycol-di-isonicotinic acid (505 mg, 1.25 mmol) and the Decanoic acid (215
mg, 1.25 mmol) in 1 mL of DMF to finally add it to the initial mixture.
Confocal Microscopy. Digital images of toroids after staining with Nile Red were
obtained using the inverted Axiovert 200 fluorescent microscope and the Axiovision 3.0 image
analysis program (Zeiss, Germany).
Dynamic Light Scattering. Dynamic Light Scattering (DLS) determinations were
performed on a PD2000 DLS Plus (Precision Detectors) at 20 °C, with a scattering angle of 90.0°.
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The data collected was analyzed using the software Precision Deconvolve Version 4.5. 1mM
aqueous dispersions of lipid Cu-complexes were measured.
Atomic Force Microscopy. Magnetic Alternating Current (MAC)-mode AFM was
performed using a Molecular Imaging Pico Plus system. Experiments were performed using
Type I MAC cantilevers with a resonant frequency in liquid of ~25-35 KHz. Briefly, a small
amount of sample (~5ul) was aliquoted to a cleaved mica substrate and in the case of imaging
in air, allowed to air dry prior to imaging. Images were obtained at ~1Hz and analyzed using
Gwyddion 2.5 SPM data analysis software.
Scanning Electron Microscope. The images were examined using scanning electron
microscopy in a Hitachi S4800 SEM, operated at 20 kV in the secondary electron emission
mode. The sample was placed and evaporated on carbon discs over aluminum wafers. A small
amount ~5uL of sample was aliquoted to a Carbon dot previously washed with acetone (to
remove any particle) and allowed to air dry prior to imaging.
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